UNCLASSIFIED 


AD  NUMBER 


AD526738 

CLASSIFICATION  CHANGES 

TO: 

UNCLASSIFIED 

FROM: 

CONFIDENTIAL 

LIMITATION  CHANGES 

TO: 

Approved  for  public  release;  distribution  is 
unlimited. 


FROM: 

Distribution  authorized  to  U.S.  Gov't,  agencies 
only;  Test  and  Evaluation;  MAY  1973.  Other 
requests  shall  be  referred  to  Rome  Air 
Development  Center,  Griff iss  AFB,  NY. 


_ AUTHORITY _ 

31  May  1985,  DoDD  5200.10;  RADC  Itr  3  Dec  1979 


THIS  PAGE  IS  UNCLASSIFIED 


THIS  REPORT  HAS  BEEN  DELIMITED 
AND  CLEARED  FOR  PUBLIC  RELEASE 
UNDER  DOD  DIRECTIVE  5200,20  AND 
NO  RESTRICTIONS  ARE  IMPOSED  UPON 
ITS  USE  AND  DISCLOSURE, 

DISTRIBUTION  STATEMENT  A 

APPROVED  FOR  PUBLIC  RELEASE; 
DISTRIBUTION  UNLIMITED, 


CONFIDENTIAL 


RADC-TR-73-136 
Final  Technical  Report 
May  1973 


00 

CO 

i/0 


OPTICAL  PROCESSING  OF  ROTATING-OBJECT  RADAR  DATA 
USING  A  POLAR  RECORDING  FORf-IAT  (U) 

Environmental  Research  Institute  of  Micnigan 


Distribution  limited  to  U.  S.  Gov't  agencies  only; 
tsst  and  evaluation;  May  1973.  Other  requests  for 
this  document  must  be  referred  to  RADC  (OCTS) ,  GAFB, 
NY  13A41. 


formation  affecting 
:es 


o 


manner  to  ipFunaut 
hibited  by  law. 


’’Unn  vn,!  ’' 

->■ 


losurs 


CUKl'n  KiFOl-milCN* 
ra  Fubieut  to 


l  !  1-^  ' 


Rome  Air  Development  Center 
Air  Force  Systems  Command 
Griffiss  Air  Force  Bose,  New  York 


CONFIDENTIAL 


A  classified  appendix  has  been  inserted  in  the  body  of  this  report  and  can 
be  fojnd  on  pages  41,  4lA,  41B,  and  41C.  The  applicable  figures  are  A-1  and 
No  attempt  was  made  to  renumber  the  pages  or  to  change  the  figure 
numbers  because  the  type  font  used  in  the  original  reproducible  copy  is  not 
available  at  RADC. 


Do  not  return  this  copy.  When  not  needed,  destroy  in  accordance  with 
pertinent  security  regulations. 


CONFIDENTIAL 


OPTICAL  PROCESSING  OF  ROTATING-OBJECT  RADAR  DATA 
USING  A  POLAR  RECORDING  FORMAT  (U) 

J.  L.  Walker 
W.  G.  Carrara 
I.  Cindrich 

Environmental  Research  Institute  of  Michigan 


Distribution  limited  to  U.  S.  Gov't  agencies  only; 
test  and  evaluation;  May  1973.  Other  requests  for 
this  doccanent  must  be  referred  to  RADC  (OCTS),  GAFB, 
NY  13441. 


CLASSIFIED  BY;  Chief,  Surveillance  and  Control  Division 
SUBJECT  TO  GENERAL  DECLASSIFICATION 
SCHEDULE  OF  EXECUTIVE  ORDER  11652 
AUTOMATICALLY  DOWNGRADED  AT  TWO  YEAR  INTERVALS 
DECLASSIFIED  ON  31  December  1979. 


CONFIDENTIAL 


CONFIDENTIAL 


FOREWORD 

This  report  was  prepsu'ed  by  the  Radar  and  Optics  Division  of  the 
Environmental  Research  Institute  of  Michigan  for  the  Rome  Air  Development 
Center  xmder  Contract  F30602-72-C-0062 ,  Job  Order  No.  1*5060176.  The 
period  of  the  contract  was  1  February  1972  to  1  February  1973.  The  RADC 
Project  Monitor  was  K.  Stiefvater/OCTE. 

The  Principal  Investigator  on  this  project  was  J.  L.  Walker.  Section 
1-5  of  this  report  were  written  by  J.  L.  Walker  eind  Section  6  by  I.  Cindrich. 
W.  G.  Carrara  played  a  significant  role  in  much  of  the  work  reported  here. 
This  work  has  also  benefited  from  the  critical  review  and  suggestions  of 
Dr.  J.  S.  Zelenka. 

The  Environmental  Research  Institute  of  Michigan  nximber  for  this  report 
is  19ll*00-l-F. 

This  report  contains  no  classified  information  extracted  from  other 
classified  documents. 

This  technical  report  has  been  reviewed  and  is  approved. 


Approved : 


Approved; 


Assistant  Cliicf  i 
Surveillance  and  1/ 
Control  Division 


FOR  THE  COMMANDER: 


JOHN  P.  HUSS 

Acting  Chief,  Plans  Office 


ii 

CONFIDENTIAL 

(This  page  is  unclassified) 


ABSTRACT 


A  new  optical  processing  technique  for  producing  fine  resolution  radar  images 
of  rotating  objects  has  been  investigated.  The  technique  involves  optically  recording 
the  radar  data  in  an  appropriate  polar  format  to  eliminate  the  usual  image  degrada¬ 
tion  caused  by  motion  of  object  points  through  resolution  cells. 

Experiments  were  performed  in  which  X-band  radar  data  from  various  test  ob¬ 
jects  placed  on  a  rotating  platform  were  recorded  on  photographic  film  in  a  polar 
format  and  optically  processed.  The  resulting  imagery  demonstrated  the  fine  reso¬ 
lution  and  object-shape  recognition  capability  afforded  by  the  use  of  the  polar  re¬ 
cording  format. 

The  feasibility  of  using  thermoplastic  as  a  real-time  storage  medium  for  radar 
data  was  investigated.  The  thermoplastic  data  storage  technique  was  shown  to  have 
sound  potential  for  use  in  a  real-time  optical  processing  system  for  satellite  imaging 
applications. 
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Evaluation  Memo  on  Final  Report 


Project  No.  45060176 
Contract:  F30602-7P-C-0062 


Title:  Optical  Processing  of  Rotating-Object  Radar  Data  Using  A 

Polar  Recording  Format 

Contractor:  Radar  and  Optics  Division/Environmental  Res.  Inst,  of  Michigan 

Box  618,  Ann  Arbor,  MI  48107 


1.  A  technique  which  has  been  investigated  in  recent  years  (RADC  contracts 
AF30602-4208  and  F30602-68-C-0004)  for  optical  processor  for  wideband  radar 
imaging  of  various  types  of  rotating  bodies  is  based  on  a  range-dcppler 
analysis  of  the  reflected  signal  from  such  objects.  Good  range  resolution  is 
obtained  by  transmitting  a  wide  bandwidth  signal  and  the  variation  in  doppler 
velocity  across  the  rotating  object  permits  one  to  also  obtain  cross  range 
resolution  by  means  of  synthetic  aperture  processing. 


2.  A  major  limitation  of  the  optical  range  doppler  system,  discovered  in  the 
previous  work,  was  caused  by  the  motion  of  the  objects  reflecting  points 
through  resolution  cells  within  the  processing  interval.  In  the  present  pro¬ 
gram  this  has  been  overcane  by  storing  the  radar  returns  in  a  polar  format 
(instead  of  the  usual  rectangular  format)  and  optically  taking  the  Fourier 
transform.  This  technique  allows  one  to  coherently  process  rotating  object 
data  over  large  angular  intervals  with  no  "Image  degradation  due  to  motion 
through  the  resolution  cells.  Imagery  of  test  objects  placed  on  a  rotating 
platform  demonstrated  that  resolution  of  nearly  one  radar  wavelength  could 
be  achieved  which  produces  excellent  shape  recognition. 


3.  The  real  time  feature  of  the  processor  is  accomplished  by  replacing  the 
usual  ised  photographic  film  with  a  thermoplastic  electroptic  transducer. 

This  is  accomplished  by  writing  radar  video  on  the  thermoplastic  disc  with 

an  electron  gun.  The  plastic  is  heated  prior  to  the  impinging  of  the  electron 
beam  which  causes  it  to  deform,  producing  a  stored  signal.  Coherent  light  is 
vhen  passed  through  a  lens  system  and  the  plastic  disc  to  produce  an  image. 

Ihe  thermoplastic  data  storage  technique  has  been  shown  to  have  a  sound 
potential  from  the  results  of  this  program.  Experiments  have  shown  that  video 
bandwidth  of  at  least  10  MHz  can  be  stored  with  good  optical  quality  over 
apertures  containing  400  X  40C  resolvable  recorded  elements. 

4.  The  program  supports  TPO-IS  "Electromagnetic  Generation,  Amplification 
and  Contro'i"  and  TPO-6  "Space  Surveillance",  referenced  in  RADC  Technology 
Plan  dated  June  72.  The  intended  use  of  this  technique  is  to  provide  a  real 
time  optical  processor  to  produce  imagery  of  satellites  from  data  supplied 
fran  the  Floyd  Wideband  Pulse  Compression  Radar. 

KENNETH  STIEFVATER 
RADC  Fn ject  Engineer 
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OPTICAL  PROCESSING  OF  ROTATING-OBJECT  RADAR  DATA 
USING  A  POLAR  RECORDING  FORMAT 


1 

INTRODUCTION 

A  well  known  technique  for  producing  radar  images  of  rotating  objects  involves  analyzing 
the  signal  reflected  from  these  objects  in  terms  of  range-delay  and  Doppler  frequency  [.%  2, 

3,  4] .  One  important  application  of  this  technique  is  in  satellite -object  identification,  including 
size  and  shape  estimation. 

The  resolution  achievable  with  the  usual  first-order  range-Doppler  imaging  systems  for 
rotating  objects  is  limited  by  the  motion  of  object  points  during  a  coherent  processing  time 
interval  f  5] .  The  resolution  must  be  sufficiently  coarse  that  points  on  the  object  move  less  than 
one  resolution  cell  during  the  processing  interval.  For  an  object  with  diameter,  D,  and  a  rada’’ 
wavelength,  A,  the  achievable  resolution  is  on  the  order  of  AD/' 2.  Under  previous  RADC  cca- 
tracts  AF30(602)-4208  and  F30602-68-C-0004,  optical  processing  of  rotating -object  radar  date 
for  satellite  imaging  applications  was  investigated  and  some  techniques  for  partial  compensa¬ 
tion  of  motion  through  resolution  cells  were  devised  [6,  7] . 

This  report  presents  the  results  of  an  investigation  of  a  new  technique  which  allows  one  to 
optically  process  rotating-object  radar  data  over  large  intervals  and  thereby  obtain  very  fine 
resolution  imagery  not  limited  by  motion  through  resolution  cells.  The  technique  involves 
optically  recording  the  radar  data  in  a  polar  format  and  then  processing  the  resulting  spatial 
signal  by  perlorming  a  two-dimensional  Fourier  transformation. 

The  basic  polar  recording  format  concept  was  originally  derived  to  improve  the  resolution 
pevlormance  of  airborne  synthetic  aperture  radars  used  for  terrain  imaging.  The  work  re¬ 
ported  here  was  directed  toward  application  of  the  concept  to  the  problem  of  satellite  imaging. 

A  breadboard,  polar  format,  film  recorder  was  constructed  and  used  in  conjunction  with 
tne  ERIM  Rotating  Platform  Radar  Facility  to  investigate  experimentally  the  polar  recording 
format  approach  in  terms  of  improving  resolution  and  object  shape  detectability.  E.xamples  of 
imagery  for  various  test  objects  placed  on  the  rotating  platform  are  presented  in  Section  4. 

The  use  of  ordinary  photographic  film  as  the  storage  medium  in  an  optical  processing 
system  prohibits  any  real-time  applications.  Therefore,  part  of  the  technical  effort  described 
in  this  reixirt  was  devoted  to  investigating  the  feasibility  of  using  a  thermoplastic  electro¬ 
optic  transducer  as  part  of  a  real-time  optical  processor.  Primary  emphasis  was  placed  on 
evaluating  the  po  '  lormance  of  thermoplastic  by  using  test  recording  parameters  compatible 
with  satellite  imaging  applications. 
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REVIEW  OF  ROTATING -OBJECT  IMAGING 

As  background  for  the  remainder  of  the  report,  we  briefly  review  in  this  section  the  basic 
concept  of  range -Doppler  imaging,  the  problem  of  motion  through  resolution  cells,  and  the 
polar  recording  format  approach.  For  simplicity,  we  consider  here  the  two-dimensional 
object/  radar  geometry  shown  in  Fig.  1.  Section  3  gives  a  more  detailed  description  of  rotat- 
ing-object  imaging  and  treats  three-dimensional  effects. 

If  the  initial  location  of  a  point  scatterer  on  the  rotating  object  shown  in  Fig.  1  is  (x  ,  y  ) 

/  2  2  2\  0  0 
then  at  time  t  the  distance  r  from  a  distant  Ip^  »  +  y]  radar  antenna  to  the  point  is 

approximately 

r=p  +x  sin  Sit  +y  cos  Sit  (1) 

^a  o  ■'o 

where  SI  is  the  rotation  rate. 


The  Doppler  frequency  f^  of  the  return  radar  signal  is 

^d^KS  -^i^jsinSlt 


(2) 


where  X  is  the  radar  wavelength. 

If  we  process  the  radar  data  over  a  very  small  time  interval,  Eqs.  (1)  and  (2)  can  be 
approximated  as 

r  =  p  +  y 
^a  •'o 

2x  SI 

f  =-^ 
d  X 


(3) 

(4) 


Therefore,  by  analyzing  the  return  radar  signal  in  terms  of  range-delay  and  Doppler  frequency, 
the  position  of  the  point  scatterer  (x^,  y^)  can  be  determined.  Fine  range  resolution  is  obtained 
by  transmitting  a  wideband  signal,  w'lercas  Doppler  frequency  resolution,  and  hence  cross¬ 
range  resolution,  is  inversely  proportional  to  the  length  of  the  processing  time  interval. 

The  presence  of  the  object  rotation  rate,  SI,  in  Eq.  (4)  implies  that  in  order  to  obtain  a 
prope-'.y  scaled  x,  y  image  of  the  object,  the  magnitude  of  SI  must  be  known.  Most  techniques 
for  estimating  the  rotation  rate  depend  on  a  priori  knowledge  and  an  analysis  of  periodicities 
in  the  radar  sign.!!  level. 
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Another  implicit  assumption  here  is  that  the  distance  from  the  radar  antenna  to  the 
center  of  the  object  is  constant  and  known.  {In  an  actual  satellite  imaging  case,  of  course, 
is  a  function  of  time.)  The  effects  of  time-varying  gross  range  and  range  rate  as  the 
satellite  moves  along  its  trajectory  must  be  removed  in  the  radar  receiver  and/or  processor. 

Since  the  Doppler  frequency  resolution  Af^  varies  inversely  with  the  processing  time 
interval  T,  we  .^lee  from  Eq.  (4)  that  the  cross -range  rcsolutioi!  Ax  is 


Ax  = 


X 

2A0 


(5) 


where  A0  =  flT  and  is  the  change  in  angle  over  which  the  object  rotates  during  the  process¬ 
ing  time.  Fine  cross -range  resolution  implies  that  we  process  over  a  large  A0;  however, 

Eqs.  (1)  and  (2)  indicate  I’.iat  both  the  range  and  Doppler  frequency  of  a  particular  point  scat- 
terer  can  vary  greatly  over  a  large  processing  interval.  This  means  that  during  a  processing 
time  interval  sufficiently  long  to  give  the  desired  cross -ra.ige  resolution,  points  on  the  rotat¬ 
ing  object  may  move  through  several  resolution  cells.  The  simple  range -delay  measurement 
and  Doppler -frequency  analysis  (Fourier  transform)  type  of  processing  implied  by  Eqs.  (3) 
and  (4)  will  result  in  severely  degraded  imageiy  for  the  large  processing  interval  case. 


As  shown  in  Ref.  f6] ,  the  phase  errors  caused  by  motion  ti\rough  resolution  cells  impose 
the  following  resolution  limitations 


(Ax)^  > 
AxAy  > 


2 

XD 

X 

2 


(6) 

(7) 


where  Ax  is  cross-range  resolution 
Ay  is  range  resolution 
Dy  is  object  width  in  range,  and 
D^  is  object  width  in  cross-range 

In  order  to  obtain  resolution  finer  than  this,  it  is  necessary  to  compensate  for  the  changing 
range  and  Doppler  frequency  associated  with  each  object  p6int  during  the  processing  interval. 
The  problem  of  motion  through  resolution  cells — sometimes  called  range -walk  and  variable 
range  rate — has  been  investigated  under  previous  RADC  contracts;  some  compensation  tech¬ 
niques  are  described  in  Refs.  [5,  6,  7]  in  the  context  of  optical  data  processors. 


In  the  usual  optical  implementation  of  a  range-Doppler  processing  system,  the  radar  video 
signal  is  first  recorded  on  photographic  film  in  a  rectangular  format.  This  is  accomplished, 
as  shown  in  Fig.  2(a),  by  properly  intensity -modulating  a  line -scan  CRT  and  imaging  the  trace 
onto  r  strip  of  translating  film.  If  the  radar  transmits  wide  bandwidth  linear  FM  pulses  and  if 
return  signal  is  mixed  with  an  appropriate  linear  FM  reference  signal,  the  resulting  video 
signal  for  a  single  point  scatterer  is  a  simple  CW  pulse  with  a  frequency  proportional  to  the 

range  of  the  point.  The  resulting  film  recording  for  this  type  of  signal  is  shown  in  Fig.  2(b). 
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Radar 

Data 


(a)  Recorder  Film 


(b)  Recorded  Signal  Corresponding  to  Point  Scatterer 
on  a  Rotating  Object 


FIGURE  2.  RECTANGULAR  FORMAT  RECORDING  SYSTEM 


Since  both  the  range  and  Doppler  frequency  associated  with  a  particular  point  on  the  rotating 
object  varj'  sinusoidally  with  time  as  described  in  Eqs.  (1)  and  (2),  we  see  that  the  vertical 
(range)  and  horizontal  (cross -range)  spatial  frequency  components  of  the  recorded  modulation 
also  vary  sinusoidally.  The  three  circular  diagrams  drawn  above  the  recorded  signal  in 
Fig.  2(b)  indicate  three  discrete  positions  of  the  point  scatterer  on  a  rotating  object. 

Over  small  regions  of  the  recorded  signal  the  modulation  lines  are  approximately  straight, 
therefore  an  optical  two-dimensional  Fourier  transform  will  produce  an  image  of  the  point 
scatterer.  The  curvature  of  these  lines  limits  the  useful  size  of  the  processing  aperture,  and 
hence  the  achievable  resolution.  This  is  the  same  limitation  given  by  Eqs.  (6)  and  (7). 

The  optical  approach  most  often  used  in  the  past  for  partially  compensating  for  motion 
through  resolution  cells  is  called  sectional  processing  [6] .  In  sectional  processing,  somewhat 
larger  processing  apertures  can  be  used  and  tne  effects  of  modulation  line  curvature  [Fig-  2(b)] 
are  reduced  by  properly  adjusting  the  lenses  in  the  optical  processor.  Since  a  different  adjust¬ 
ment  is  required  to  optimize  the  resolution  for  each  portion  of  the  object,  the  final  image  must 
be  produced  by  photographically  summing  individually  processed  image  sections. 

Under  the  present  contract,  we  have  investigated  a  new  technique  for  eliminating  the  prob¬ 
lem  of  motion  through  resolution  cells.  It  involves  storing  the  demodulated  radar  returns  in 
a  polar  format  by  means  of  the  recording  scheme  shown  in  Fig.  3(a).  Here,  instead  of  trans¬ 
lating  the  recording  film  past  a  line-scan  CRT  as  is  done  in  the  usual  recorders,  wc  cause  the 
recording  film  to  rotate  at  the  object  rotation  rate  tl.  The  resulting  recorded  modulation  for 
each  point  scatterer  is  a  family  of  straight  lines  (a  linear  grating)  as  shown  in  Fig.  3(b).  Thus 
the  effects  of  motion  through  resolution  cells  are  completely  eliminated.  Each  point  scatterer 
on  the  rotating  object  produces  a  grating  type  of  recording  with  a  spatial  frequency  and  orienta  - 
tion  determined  by  the  initial  coordinates  (x^,  y^)  of  the  point.  The  total  recorded  signal  for  a 
complex  rotating  object  consists  of  a  coherent  summation  of  a  multiplicity  of  such  gratings. 
Imagery  of  fine  resolution  can  thus  be  obtained  by  Fourier  transforming  the  recorded  signal 
optically  over  very  large  apertures. 

Examples  of  imagery  obtained  by  using  a  polar  recording  format  are  given  in  Section  4, 
while  a  more  detailed  mathematical  description  of  the  polar  format  technique  is  presented  in 
the  next  section. 
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FIGURE  3.  POLAR  FORMAT  RECORDING  SYSTEM 
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MATHEMATICAL  FORMULATION 


This  section  presents  a  derivation  of  the  polar  recording  format  technique  and  discusses 
important  image  effects  caused  by  the  three-dimensional  aspects  of  a  rotating  object. 


Figure  4  shows  the  basic  geometry  under  consideration  here.  Locations  of  the  antenna  and 
an  arbitrary  point  on  the  three-dimensional  rotating  object  are  given  in  spherical  coordinates 
as  (p^,  0^,  4)^)  and  (p^,  6^,  4)^)  respectively.  The  distance  r  from  the  radar  antenna  to  an  object 
point  is 


2  2  -V/2 


(8) 


where  p„  and  p  are  vectors  defined  in  Fig.  4  and 
'^0  ^a  " 

P  -P^  =  PJ>^  fcos  &  cos  6  +  sin  6  sin  6  cos  (4>  -  0  )1 
'^0  ^a  '^cra''  a  o  a  o  '  o  a'^ 


(9) 


Using  the  binominal  expansion,  we  can  rewrite  Eq.  (8)  as 


1  +■ 


2  - 
*  2p„-p 


2p! 


o  'a  2 
8 


(10) 


Since  for  satellite  imaging  applications,  the  size  of  the  object  is  much  less  than  the  range  of  the 
object  from  the  antenna  (that  is,  p  «  p  ),  Eq.  (9)  can  be  approximated  as  follows: 

0  3 


r  s  p  1  - 


(11) 


or  using  Eq.  (9)  we  have 

^  ~Pa'  Pq  ^a  ^o  ®a 

In  the  physical  situation  the  radar  antenna  is  fixed  while  the  object  has  both  a  rotational  and 

translational  motion.  For  convenience,  we  make  the  equivalent  assumption  here  that  the 

object  is  fixed  and  the  antenna  moves,  i.e.,  p  ,  0  ,  and  <p  are  assumed  to  be  functions  of  time. 

a  a  a 
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The  radar  transmits  a  sequence  of  linear  FM  pulses  of  the  form 


P^(t)  =  A(t  -  nT)  exp  j 


277 n  +  |(t  -  nxf 


(13) 


1  . 


where  A(t)  is  the  amplitude  weighting  of  each  pulse,  y  is  the  FM  rate,  —  is  the  PRF,  and  f^  is 
the  center  frequency. 

The  signal  received  from  a  scattering  point  at  p^,  6^,  ()>^  is 


OoA^t  -  nT  -  exp  j  277f^(t  -  1  (t  -  nT  - 


(14) 


where  is  the  complex  reflectivity  of  the  point  and  includes  two-way  propagation  effects  and 
antenna  gain. 

In  principle,  the  received  signal  can  be  demodulated  by  mixing  it  with  a  reference  signal 
of  the  form 


zi't)  =  exp 


-1 


+ 


(15) 


which  also  removes  the  effects  of  the  time-varying  range,  p  (t),  from  the  antenna  to  the  rotating 
object.  In  practical  radar  receivers,  several  alternative  techniques  for  removing  gross  range 
and  Doppler  effects  are  also  possible. 

The  video  signal  resulting  from  the  mixing  operation  can  be  expressed  as 


s(t,  t)  =  o^A 


exp 


where  r  -  p  =  -p  fcos  0  cos  6  +  sin  6  sin  0  cos  (<>  -  i|>  )1 
'^a  ^0  '■  a  o  a  o  o  a  ‘ 


2p 

t  =  t  -  nT - - 

c 


(16) 


A  =  radar  wavelength 

2(r  -  p^) 

If  the  radar  pulse  length  is  long  compared  to - ,  the  video  signal  is  approximately 


s(t,  t)  =a^A(t)  exp  |(^  +  [cos  0^  cos  0^  +  sin  6^  sin  6^  cos  (<(.^  -  (|.^)] 


o  a 


(17) 
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For  the  special  case  of  an  object  rotating  at  an  angular  rate  Q,  and  the  radar  line-of-sight 
perpendicular  to  the  axis  of  rotation,  Eq.  (17)  can  be  greatly  simplified.  This  is  mathematically 
equivalent  to  setting  6  =  90°,  assuming  a  fixed  object,  and  allowing  the  antenna  to  move  around 

a 

the  object  (i.e.,  <(>  =  fit). 

3. 

TTie  video  signal  then  becomes 


A  A 

s(t,  t)  =  o^A(  t )  exp 


(18) 


where  r  =  p  sin  6 
o  *^0  o 


Note  that  in  this  case  all  information  about  the  vertical  location  of  the  point  scatterer  has  been 
lost.  More  general  situations  in  which  the  radar  line-of-sight  is  not  perpendicular  to  the  axis  of 
rotation  will  be  considered  later  in  this  section. 

To  enable  optical  processing  of  the  radar  data,  the  video  signal, Eq.  (18), is  recorded  on  a 
suitable  recording  material  (e.g.,  photographic  film  or  thermoplastic)  in  a  polar  format  as  shown 
in  Fig.  5.  The  recording  format  is  chosen  so  that  the  spatial  polar  coordinates  (r„,  ((>„)  of  the 

r  r 

recorded  signal  are  given  by 


=  V 


/A 

t  + 


27rc\ 

yX  j 


(19) 


</>p  - 


(20) 


where  v^  is  the  sweep  velocity  of  the  writing  beam. 

The  relative  values  of  the  radial  interval  Ar  and  the  mean  radius  r  of  the  annular  recording 

A  ™ 

region  shown  in  Fig.  5  are  determi.ied  by  Eq.  (19).  Since  -(Tp/2)  <  t  <  (Tp/2)  where  Tp  is  the 
transmitted  pulse  length,  the  radial  interval  of  the  recording  region  is 

Ar  =  V  T„ 
s  P 

The  mean  radius  is 
27TCV 

s 

r  =  - r - 

m  yA 


Tlierefore, 

Ar  _  '^P^^  ^  M 

r  “  27rc  ""  f 
m  c 

where  Af  is  the  bandwidth  of  the  transmitted  signal  and  f^  is  the  center  frequency. 


(21) 
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After  recording  the  video  signal  (Eq.  18)  in  a  polar  format,  the  resulting  two-dimensional 
variation  of  light  amplitude  transmittance  corresponding  to  a  single  point  scatterer  located  at 


Sp(rF»  =  ’^b  ^ 


— cos  (<^  “  0T:.) 
cv  F  o  o  F' 
s 


(22) 


where  is  the  usual  bias  term  required  for  recording  the  bipolar  video  signal  and  A(r  j,)  rep¬ 
resents  an  amplitude  scaling  factor  which  is  zero  outside  the  annular  recording  area  shown  in 
Fig.  5. 

Expressed  in  terms  of  rectangular  coordinates  (x  =  r  cos  (j>  ;  y  =  r  sin  if)  ; 

000  000 

x„  =  r„  cos  0-;  y„  =  sin  0„),  the  recorded  signal  is 
r  r  r  r  r 


Sj.(Xp,  Vp)  =  +  B(Xp,  yp)o^  cos 


where 

B(Xp,  yp)  =  A(rp) 


(23) 


Equation  (23)  is  an  expression  for  a  linear  sinusoidal  grating  with  Xp  and  yp  spatial  frequency 
components  proportional  to  x^  and  y^  respectively.  Therefore,  a  two-dimensional  Fourier 
transform  is  the  proper  type  of  signal  processing  to  produce  an  image  of  the  point.  Note  that 
if  instead  of  recording  the  video  signal  in  a  polar  format  as  described  by  Eqs.  (19)  and  (20),  we 
had  used  the  usual  rectangular  format  such  that 


A 

=  V  t 

X 

(24) 

=  Vpt 

(25) 

where  v„  is  the  translation  velocity  of  the  recording  film,  then  we  would  not  have  obtained  the 
r 

simple  linear  grating  type  of  recording  given  by  Eq.  (23).  Tie  spatial  signal  resulting  from 
rectangular  format  recording  consists  of  a  family  of  curved  lines  as  indicated  in  Fig.  2(a)  of 
Section  2. 

The  total  recorded  signal  for  the  entire  object  can  be  obtained  by  summing  contributions 
from  each  element  of  the  object.  For  the  case  under  consideration  here  (radar  llne-of-sight 
perpendicular  to  rotation  axis),  the  signal  does  not  depend  on  the  z^  coordinate  of  each  scat¬ 
tering  point  and  the  recorded  signal  can  be  expressed  as 
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(26) 


Sp(rF. 


o(r  ,  (/)  )  cos 


22L 

cv 


'"'“o 


r  dr  dA 
0  0  0 


where  o(r^,  0^)r^dr^d(/)^  is  the  reflectivity  associated  with  the  differential  element  of  volume 
shown  in  Fig.  6. 

An  image  of  the  object  is  defined  to  be  an  estimate  of  the  reflectivity  density  o(r^,  (p^)  and 
can  be  obtained  by  optically  carrying  out  a  two-dimensional  Fourier  transform  of  Sp(rp,  ((ip). 

The  image  in  this  case  appears  as  the  projection  of  all  scattering  points  of  the  three-dimensional 
object  shown  in  Fig.  4  onto  the  x,  y  plane. 

For  the  case  of  a  three-dimensional  rotating  object  where  the  radar  line-of-sight  is  not 
perpendicular  to  the  axis  of  rotation  (6  ^  90°,  =  flt),  the  appearance  of  the  resulting  imagery 

cL 

may  be  quite  different.  Instead  of  using  Eq.  (18)  as  a  description  of  the  video  signal,  we  must 
consider  the  more  general  expression  given  by  Eq.  (17).  In  this  case,  one  sideband  of  the  re¬ 
corded  signal  corresponding  to  a  point  scatterer  lo'cated  at  p^,  6^,  (p^  is  of  the  form 

r^p  Fcos  d  cos  6  +  sin  6  sin  9  cos  U  -  (i>_)ll  (27) 

F^o  a  0  a  0  0  F  ' 


^p^^'f’ 


.)  = 


)  exp  j 


Jr 


This  can  be  rewritten  as 

®p(''F’ '^’f^  "  a)  ^'^’o  ■ 

where  r  =  r  sin  6  and  indicates  that  the  image  size  is  scaled  by  sin  6  .  Tlie  factor 
o  0  a  a 

exp  jj-^  ®  '  represents  a  rotationall’’ symmetric  phase  error  and  the  two-dimensional 

ycVg  f  0  a 

Fourier  transform  of  Sp(rp,  <J)p)  is  approximately  a  ring  distribution  with  a  radius  proportional 

to  z  cos  9  . 

0  a 

For  example,  if  we  have  a  rotating  object  comprised  of  five  point  scatterers  as  shown  in 

Fig.  7(a)  and  the  radar  antenna  is  located  such  that  9  *  90°,  the  resulting  image  would  be  as 

0  ^ 

shown  in  Fig.  7(b).  When  -  90  ,  the  central  ring  image  reduces  to  a  point  as  shown  in  Fig. 

A 

7(c). 

If  we  have  a  priori  knowledge  that  the  object  is  made  up  of  only  point  scatterers  then  the 
location  of  the  rings  in  the  image  and  their  radii  could  be  measured  to  estimate  the  three- 
dimensional  size  and  shape  of  the  object.  For  actual  objects  there  would  be  an  ambiguity  caused 
by  an  actual  reflecting  ring  and  a  point  scatterer  located  above  or  below  it. 

An  image  such  as  the  one  sketched  in  Fig.  7(b)  is  produced  only  if  we  process  the  radar 
signal  over  an  interval  corresponding  to  a  full  360°  rot.ation  of  the  object.  By  processing  over 
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FIGURE  7.  DIAGRAM  SHOWING  ANTENNA  A  '^LE  EFFECT  IN  IMAGES 
OF  THREE  -DIMENSIONAL  ROTAT!  G  OBJECTS 
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smaller  intervals  or  if  the  object  point  is  visible  only  over  part  of  the  rotation,  we  would  get 
arc-like  images  instead  of  rings  for  points  located  above  or  below  the  x,  y  reference  plane  of 
the  object. 


4 

EXPERIMENTAL  INVESTIGATION  OF  POLAR  RECORDING  FORMAT  TECHNIQUE 

This  section  describes  the  instrumentation  and  procedures  employed  to  investigate  optical 
processing  of  rotating -object  radar  data  using  a  polar  recording  format.  E:;amples  of  radar 
imagery  from  a  variety  of  test  objects  placed  on  a  rotating  platform  are  presented. 


4.1.  ROTATING  PLATFORM  RADAR  FACILITY 

A  simple  diagram  of  the  ERIM  X-Band  Rotating  Platform  Radar  Facility  used  to  simulate 
a  satellite  object  imaging  radar  system  in  this  investigation  is  shown  in  Fig.  8.  This  facility 
was  constructed  originally  for  target  signature  studies  of  various  military  vehicles  [8]  ;  how¬ 
ever,  simple  modifications  permitted  its  use  in  the  work  described  herein. 

Separate  transmitting  and  receiving  horns  were  used  and  located  about  44  meters  from 
the  center  of  the  platform.  The  platform  is  about  6  meters  in  diameter  and  has  a  rotation  period 
of  168  seconds.  Figure  9  is  a  photographof  the  actual  platform. 

The  more  important  radar  parameters  are  given  in  Table  1.  A  highly  simplified  block 
diagram  of  the  radar  system  is  shown  in  Fig.  10.  This  system  represents  a  form  of  a  Stretch 
[ll]  radar  and  serves  to  greatly  reduce  the  bandwidth  of  the  video  signal  relative  to  the  trans¬ 
mitted  bandwidth.  Long  (up  to  800  pS)  chirp  pulses  with  an  FM  rate  of  4.5  MHz/psec  are  trans¬ 
mitted.  The  received  signal  is  mixed  with  a  reference  signal  derived  by  appropriately  delaying 
a  portion  of  the  transmitted  chirp  signal.  A  point  scatterer  on  the  rotating  platform  then  produces 
constant -frequency  pulses  at  .le  output  of  the  mixer.  The  frequency  of  each  pulse  is  propor¬ 
tional  to  the  range  of  the  point  scatterer.  With  the  proper  length  of  coaxial  delay  line,  the  cen¬ 
ter  of  the  platform  can  be  made  to  correspond  to  a  frequency  of  zero  and  the  edge  of  the  platform 
to  about  90  kHz.  Thus,  even  though  the  transmitted  bandwidth  is  3.6  GHz,  the  video  bandwidth 
is  about  90  kHz  for  the  6  meter  diameter  platform. 


TABLE  1.  ROTATING  PLATFORM  RADAR  PAILWETERS 


Transmitter  center  frequency 

Maximum  bandwidth 

PRF 

Pulse  width 


10.1  GHz 
3.6  GHz 
200  pulses  sec 
800  psec 
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f  ^  FIGUPE  8.  DIAGRAM  OF  ROTATING  PLATFORM  FACILITY  USED  TO  SIMULATE  A 

(  i  SATELLITE-OBJECT  IMAGING  RADAR 
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'<  f. 
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FIGURE  10.  BLOCK  DIAGRAM  OF  ROTATING  PLATFORM  RADAR 

SYSTEM 


4.2.  IMPLEMENTATION  OF  POLAR  FORMAT  RECORDING 

Our  earlier  experimental  work  to  verify  the  polar  format  concept  relied  primarily  on 
recording  the  radar  data  on  film  in  a  rectangular  format  and  then  using  an  optical  system  to 
effect  the  rectangular -to -polar  conversion.  This  was  done  by  imaging  a  slit -type  illumina¬ 
tion  source  onto  a  rotating  photographic  plate.  By  then  translating  the  rectangularly  formated 
data  across  the  slit  source  at  the  proper  rate,  the  desired  polar  format  recording  could  be 
produced  on  the  photographic  plate. 

For  the  investigations  conducted  under  the  present  contract,  a  new  breadboard  film  re  - 
corderfsee  system  schematic.  Fig.  3(a)]  was  constructed  to  record  the  radar  data  directly  in  a 
polar  format.  Aphotographof  the  actual  breadboard  recorder  appears  inFig.  11.  The  recorder 
consists  basically  of  a  70  mm  roll -film  holder  attached  to  a  motor-driven  Troyke  precision 
rotary  table.  The  rotation  rate  of  the  recorder  can  be  adjusted  to  match  the  rotation  rate  of 
the  radar  test  targets.  Positional  adjustments  are  also  provided  for  focusing  and  properly 
scaling  the  polar  format  recording.  The  line -scan  CRT  and  other  parts  of  the  total  recording 
system  are  standard  components  of  the  Rotating  Platform  Radar  Facility  described  in  Ref.  [8] . 

After  each  recording  (corresponding  to  one  revolution  of  the  object),  the  film  can  be  ad¬ 
vanced  to  a  new  frame  so  that  a  sequence  of  polar  recordings  for  different  objects  or  different 
radar  parameters  can  be  stored  on  a  single  filmstrip.  Figure  12  shows  a  portion  of  a  typical 
polar -format  data  film. 

4.3.  OPTICAL  PROCESSING 

As  discussed  previously,  an  image  of  a  rotating  object  can  be  obtained  by  Fourier -trans¬ 
form  processing  the  polar  format  recording.  Since  a  spherical  lens  produces  a  two-dimen¬ 
sional  Fourier-transform  relationship  between  the  complex  amplitude  of  the  light  distribution 
in  its  front  and  back  focal  planes,  the  basic  optical  processor  shown  in  Figs.  13  and  14  is 
readily  implemented  with  few  components. 

In  addition  to  the  Fourier -transforming  lens,  other  standard  optical  components  are  re¬ 
quired  to  expand  and  collimate  the  laser  beam.  The  image  plane  can  either  be  examined  by 
means  of  a  microscope  as  indicated  in  Fig.  14  or  a  camera  can  be  used  to  make  a  permaner.l 
film  recording.  Alternatively,  a  projection  lens  may  be  used  to  display  the  image  on  a  viewing 

screen. 

In  Section  3  we  observed  that  radar  data  for  each  point  scatterer  of  a  rotating  object  is 
recorded  on  the  polar-format  signal  film  as  a  two-dimensional  diffraction  grating  of  the  form 

Sj.tXp,  yp)  =  +  fj  cos  K(x^Xp  +  y^yp)  (29) 

where  Sj.(xp,  y^)  is  the  light  amplitude  transmittance  of  the  film.  the  average  transmittance, 
Tj  the  amplitude  of  the  spatial  modulation,  and  the  constant  K  =  2y/  cv^. 
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FIGURE  13.  DIAGRAM  OF  OPTICAL  PROCESSOR 
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UGl.'RE  14.  OPTICAL  PROCESSOR 
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The  Fourier  transform  of  such  a  sinusoidal  grating  is  made  up  of  three  terms  often  called 

the  zero -order  and  the  plus  and  minus  first  orders  [9] .  The  zero-order  spectrum  is  located 

on  the  optical  axis  at  the  center  of  the  image  plane  whereas  the  two  first-order  spectra  are 

symmetrically  located  at  a  distance  from  the  center  proportional  to  the  spatial  frequency  of 

2  2 

the  grating — i.e.,  at  a  radius  proportional  to  +  y^,  the  radial  position  of  the  point  scatter 
from  the  center  of  rotation. 

Therefore,  each  point  scatterer  of  a  rotating  object  produces  a  pair  of  conjugate  point 
images.  For  example,  an  array  of  three  i  jrner -reflectors  on  the  rotating  platform  as  sketched 
in  Fig.  15(a),  results  in  the  total  radar  image  shown  in  Fig.  15(b).  Since  the  corner  reflectors 
were  located  away  from  the  center  of  rotation  and  there  were  no  targets  on  the  opposite  side 
of  the  platform,  there  is  no  ambiguity  and  a  good  image  of  the  corner -reflector  array  can  be 
obtained.  If  on  the  other  hand  the^  corner -reflectors  are  located  around  the  center  of  rotation 
as  shown  in  Fig.  16(a),  we  obtain  an  ambiguous  image  which  is  degraded  further  by  the  zero- 
order  light  [see  part  (b)  of  same  figure]. 

For  cooperative  targets  such  as  the  rotating  platform,  the  problem  can  of  course  be  avoided 
by  simply  placing  the  object  to  be  imaged  away  from  the  center  of  the  platform.  In  practical 
space -object  imaging  problems,  the  two  conjugate  images  should  be  separable  even  when  the 
center  of  rotation  lies  within  the  object.  This  topic  is  discussed  separately  in  Section  5. 

By  using  apertures  of  various  sizes  and  shapes  at  the  input  film  plane,  imagery  with  a 
variety  of  range  and  cross -range  resolutions  can  be  obtained.  Since  the  radial  interval  of  the 
polar  format  recording  is  proportional  to  the  transmitted  bandwidth,  the  fraction  of  the  actual 
transmitted  bandwidth  used  in  the  optical  processor  can  be  controlled  by  choosing  thu  size  of 
the  radial  interval  of  the  processing  aperture.  Similarly,  radar  data  can  be  processed  over 
different  angular  intervals  of  object  rotation  by  using  an  aperture  that  encompasses  a  corre¬ 
sponding  angular  interval  of  the  polar  format  recording. 

Normally,  when  processing  radar  data  from  a  rotating  object  over  small  angular  intervals 
of  rotation  Aii>,  range  resolution  (measured  along  radar  line -of -sight)  is  inversely  propor¬ 
tional  to  the  transmitted  signal  bandwidth,  whereas  cross -range  resolution  varies  inversely  with 
A</>.  However,  for  large  Ao,  resolution  in  both  dimensions  of  the  rotating  object  improves  with 
increasing  A<t>. 

For  example.  Fig.  17  shows  a  sequence  of  system  impulse  responses  corresponding  to 
three  different  processing  apertures.  The  photographs  were  produced  by  magnifying  the  light 
distribution  at  the  output  of  the  optical  processor  (Fig  14)  with  the  appropriate  aperture  at  the 
input  film  plane.  The  radial  interval  is  constant  for  all  three  cases  and  corresponds  to  a  con¬ 
stant  effective  transmitted  bandwidth.  As  can  be  seen,  the  90°  interval  case  has  improved 
resolution  in  both  dimensions  even  though  the  effective  transmitted  bandwidth  remained  th.e 
same.  This  implies  that  good  two-dimensional  resolution  of  rotating  objects  consisting  of  scat¬ 
tering  centers  visible  over  large  angles  of  rotation  can  be  theoretically  obtained  even  with  rel- 
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(a)  Three  Corner-Reflectors  on  Rotating 
Platform 


(b)  Radar  Image 

FIGURE  15.  EXAMPLE  SHOWING  SEPARATION  OF  CONJUGATE 

IMAGES 
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(a)  Three  Corner -Reflectors  on  Rotating 
Platform 


(b)  Radar  Image 


FIGURE  16.  EXAMPLE  SHOWING  CONJUGATE  IMAGE 
AMBIGUITY 
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System  Impulse  Response  Processing  Aperture 

FIGURE  17.  EFFECT  OF  PROCESSING  APERTURE  SHAPE  ON  SYSTEM  IMPULSE 

RESPONSE 
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atively  narrow  bandwidth  radars.  The  resulting  impulse  response  sidelobe  level  may  be  in¬ 
tolerably  large  for  some  applications,  however. 

The  ability  to  determine  the  size  and  shape  of  a  specular  object  is  greatly  enhanced  by 
processing  the  recorded  data  over  large  angular  intervals.  The  resulting  image  then  contains 
reflectivity  information  about  the  object  over  a  wide  range  of  aspect  angles. 

One  way  to  perform  such  processing  is  to  simply  illuminate  the  full  360^  of  the  polar 
format  recording  in  the  optical  processor.  Instead  of  coherently  processing  over  the  full 
annulus,  one  can  also  use  a  coherent  processing  aperture  of  a  size  sufficient  to  produce  the 
desired  resolution  and  then  move  the  aperture  around  the  entire  360°  of  the  recordir.g  while 
continually  exposing  a  piece  of  film  at  the  image  plane.  The  resulting  image  consists  of  a  non¬ 
coherent  summation  of  an  infinite  number  of  coherently  processed  images.  This  is  often  called 
"mixed"  processing.  Various  experimental  examples  of  imagery  produced  by  coherent  and 
mixed  processing  are  presents  in  the  next  section. 

4.4.  EXPERIMENTAL  RESULTS 

A  number  of  rotating-object  imaging  experiments  were  performed  with  the  instrumentation 
described  previously.  Some  examples  of  imagery  are  given  in  this  section  to  compare  the 
rectangular-  and  polar -format  approaches  and  to  demonstrate  the  fine  resolution  and  object 
shape  recognition  capability  afforded  through  use  of  a  polar  recording  format.  In  these  experi¬ 
ments  horizontal  polarization  was  used  for  both  transmitting  and  receiving. 

(C)  To  demonstrate  the  improved  resolution  obtainable  by  using  a  polar  recording  format  in¬ 
stead  of  the  usual  rectangular  format,  an  experiment  was  performed  in  which  three  corner-re¬ 
flectors  were  placed  on  the  rotating  platform.  Radar  data  for  this  corner  array  were  recorded 
in  both  a  rectangular  and  polar  format.  The  resulting  optically  processed  imagery  is  shown 
In  Fig.  18.  The  spacing  of  the  corner-reflecvors  was  1  ft.  To  produce  parts  (a)  and  (d)  of  this 
figure,  we  used  a  very  small,  square,  processing  aperture  so  that  the  .hree  corner-reflectors 
are  not  resolved  in  either  the  rectangular  or  polar  case.  Results,  shown  in  part  (b)  and  (e) 

'he  same  figure,  were  obtained  by  ’  sing  a  square  processing  aperture  of  a  size  sufficient  to 
liy  resolve  the  three  corners.  If  the  processing  aperture  size  is  increased,  we  see  that  for 
the  rectangular  case  (c)  the  phase  errors  resulting  from  motion  through  resolution  cells  pro¬ 
duce  a  very  degraded  image,  whereas  in  the  polar  case  (f)  improved  resolution  is  achieved. 

(C)  Figure  19  presents  a  further  example,  of  the  image  degradation  caused  by  the  problem  of 
motion  through  resolution  cells  Inherent  in  rectangular  format  processing.  This  result  was 
obtained  by  rectangular  format  processing  of  radar  returns  from  a  31  cm  diameter  cylinder 
placed  on  the  rota.lng  platform  as  indicated  in  the  photograph  [Fig.  19(a)].  This  sequence  of 
images  again  shows  the  smearing  produced  by  processing  rectangular  format  data  over  large 
angles  of  rotation.  As  a  reference,  part  of  the  zero  order  diffraction  pattern  was  retained  in 
parts  (b),  (c).  (d)  of  the  same  figure;  ltdenotesthecenterof  rotation  which  was  about  1.5  meters 
from  the  cylinder.  For  comparison,  radar  data  from  the  same  cylindrical  object  were  re- 
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(b)  Af  -  1.1  GHz 
A0  =  6° 


(c)  Af  =  2.2  GHz 
A<^=  12° 


(d)  Af  =  2.2  GHz 
A(^.=  35° 


FIGURE  19  IMAGERY  OF  CYLINDRICAL  TEST  OBJECT  SHOWING  EFFECTS  OF  MOTION 
TlScSfcH  RESOLUTION  CELLS  (EFFECTIVE  TRANSMITTED  BANDWIDTH  Af,  PROCESSING 

A  T  IT  A  A  \ 


(a)  Af  =  1.1  GHz 
A<t>=  6° 


(b)  Af  =  2.2  GHz 
A<i>=  12° 


(c)  Af  =  2.2  GHz 
A0=  35° 


(d)  Af  =  2.2  GHz 
A(t  =  90° 


FIGURE  20.  IMAGERY  OF  CYLINDER  PRODUCED  BY  POLAR 
FORMAT  PROCESSING 
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corded  in  a  polar  format;  the  imagery  produced  by  procecsing  this  data  is  shown  in  Fig.  20. 

The  processing  aperture  sizes  used  to  produce  parts  (a),(b),and  (c)  of  Fig.  20  were  the  same 
as  those  used  to  produce  the  images  in  Fig.  19.  The  important  point  to  note  in  comparing 
these  two  figures  is  that  as  the  angular  processing  interval  increases,  not  pnly  do  we  obtain 
improved  resolution  but  we  can  also  begin  to  observe  the  circular  shape  of  the  object  for  the’ 
polar  format  case.  (Recall  that  this  radar  imagery  is  similar  to  the  view  an  observer  would 
get  by  looking  down  on  the  rotating  platform  along  its  axis  of  rotatioa)  In  the  rectangular 
format  case  (Fig.  19),  the  smearir  r  effect  obscures  the  actual  shape  of  the  small  object. 

In  Fig.  21  we  have  an  example  of  the  very  fine  two-dimensional  resolution  that  can  be 
achieved  by  using  the  polar  recording  format  technique.  In  this  experiment  an  array  of  small 
corner -reflectors  was  used  as  a  test  object  on  the  rotating  platform.  The  relative  spacing  of 
the  corners  is  indicated  in  Fig.  21(a).  The  full  3.6  GHz  transmitted  bandwidth  of  the  radar  was 
used  and  the  coherent  angular  processing  interval  was  about  ^0®.  This  is  a  resolution  of  nearly 
one  waveiei.gtli  and  iCpieseuls  eXcelltut  pe<.iofmaiice  loi  anj  type  ol  imaging  system. 

(C)Examples  of  imagery  in  Figs.  22  through  26  illustrate  the  shape  detectability  which  can  be 
y » ^ •'«  igt-k  TV*  ubjt'i  t-  fig  HM*.* 

consists  of  four  5 -ft  long  pieces  of  1-in.  diameter  pipe  arranged  on  the  rotating  platform  in 
the  shape  of  an  "M."  By  processing  the  radar  data  from  this  test  object  over  a  90°  interval, 
the  image  in  Fig.  22(b)  was  obtained. 

(C)The  object  in  Fig.  23(a)  is  a  small  aluminum  cone-sphere.  When  radar  returns  from  this 
object  were  coherently  processed  over  a  full  rotation,  a  complete  outline  of  the  object  was  ob¬ 
tained  as  can  he  seen  in  Fig.  23(b).  By  using  the  mixed  processing  approach  described  pre¬ 
viously,  the-  image  in  Fig.  23(c)  was  obtained.  A  circular  coherent  processing  aperture  was 
used  to  produce  a  theoretical  resolution  of  9  cm  in  both  range  and  cross -range.  With  inco¬ 
herent  summation  car f ifed  out  OVef  the  tiill  atU"  ol  the  Fecohding,  The  shape  ol  the  entire  object 
can  again  be  seen.  For  simple  specular  objects  such  as  this,  mixed  processing  is  often  ad¬ 
vantageous  since  it  may  produce  a  somewhat  smoother  image.  It  is  necessary  only  to  use  a 
coherent  processing  aperture  of  a  size  to  produce  resolution  fine  enough  to  distinguish  im¬ 
portant  object  details.  Much  of  the  arc -like  background  noise  that  can  be  seen  in  the  imagerv 
is  caused  by  radar  returns  from  various  stationary  scatterers  near  the  rotating  platform.  In 
rectangular  format  processing,  stationary  point -scatterers  within  the  radar's  field  of  view 
are  Imaged  at  their  proper  range  and  along  tlie  vertical  axis  (zero-Doppler  line)  of  the  image 
plane.  This  can  be  seen  in  much  of  the  imagery  presented  in  Ref.  [6] .  On  the  other  hand,  the 
polar  format  approach  is  designed  to  produce  good  images  of  rotating  objects  and,  therefore, 
the  images  of  stationary  objects  are  dispersed  and  appear  as  background  noise.  Fortunately, 
HAS  flWrtMiJM?  VWWtff  ts  SOtiWi,  40S  SWtftl  WAgttlg  apjAVHftidrft 

(C)Figure  24  further  illustrates  shape  detectability.  Here  the  test  object  consisted  of  two 

metal  cylinders  placed  on  the  rotating  platform  as  diagrammed  in  Fig.  24(a).  Coherent  pro- 

cessins  over  a  small  circular  aperture  to  produce  a  two-dimensional  resolution  of  9  cm  rt>- 
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(a)  Corner -Reflector  Array 


(b)  Radar  Image 

FIGURE  21.  EXAMPLE  OF  IMAGERY  DEMONSTRATING  VERY 
FINE  RESOLUTION 
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(a)  Optical  Image 


(b)  360°  Coherent  Processing 


FIGURE  23.  IMAGES  OF  CONE-SPIIER 


(b)  10°  Coherent  (c)  180°  Mixed  (d)  180°  Coherent 

Processing  Interval  Processing  Processing  Interval 

FIGURE  24.  RADAR  IMAGES  OF  TWO  CYLINDERS 
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(a)  Optical  Image 


(b)  Radar  Image 


FIGURE  25.  IMAGE  OF  SIMULATED  SPACE  OBJECT 


(a'  90®  Processins:  (b)  3('0''  Processin; 

FIGURE  26.  RADAR  IMAGES  OF  FOUR  REFLECTORS  —  TWO 
ON  PLATFORM  SIRFACE  AND  TWO  5  ft  ABOVE  SURFACi; 
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suited  in  the  Fig.  24(b)  image.  Since  the  angular  processing  interval  was  only  about  10°,  little 
shape  information  is  obtained.  Figures  24(c)  and  24(d)  show  the  results  obtained  by  mixed  and 
coherent  processing  over  about  180°.  Again,  if  sufficient  resolution  is  available,  there  is  little 
difference  between  the  mixed  and  coherently  processed  imagery  in  terms  shape  detectability. 
The  important  point  is  that  the  processing  be  carried  out  over  a  large  angular  interval  of  object 
rotation. 

Figure  25  shows  the  radar  image  obtained  for  a  simulated  space  object  (cone -cylinder - 
flare).  Mixed  processing  was  used  over  a  full  resolution  and  the  shap*’  <'f  the  object  can  be 
easily  seen.  Multiple -image  effects  are  present  because  the  surface  l  the  rotating  platform 
acts  as  a  reflecting  ground  plane.  Therefore,  we  get  returns  not  only  directly  from  the  object 
itself  but  also  from  the  object  via  the  platform  surface.  By  using  crossed  45°  receiving  and 
transmitting  antenna  polarization,  it  should  be  possible  to  suppress  some  of  these  multiple - 
bounce  returns;  however,  polarization  effects  were  not  investigated  during  this  program.  The 
reflecting  gi  ound  plane  effects  observed  here  are,  of  course,  not  important  for  space -object 
applications  and,  like  the  stationary  clutter  problem  discussed  previously,  amounts  only  to  an 
experimental  inconvenience, 

(C)  The  test  object  in  this  case  is  a  Volkswagen.  An  image  obtained  by  optically  process¬ 
ing  the  radar  data  over  360°  of  rotation  is  shown  in  tig.  A-1.  Because  of  the  fine  resolution 
and  the  fact  that  the  radar  image  contains  relative  reflectivity  information  over  such  a  large 
change  in  aspect  angle,  many  details  of  the  VW  can  be  observed  in  the  image  such  as  the 
fenders,  bumpers,  and  indications  of  the  seats. 

(U)  An  interesting  anomoly  is  that  the  right-hand  door  of  the  VW  appears  in  the  image  as 
a  line  in  the  center  instead  of  in  the  expected  location.  This  can  be  explained  with  the  aid  of  the 
diagram  in  Fig.  A-2.  In  this  experiment,  the  VW  was  located  at  the  edge  of  the  platform  to 
avoid  conjugate  image  ambiguities.  Since  the  radar  returns  from  vertical  surfaces  are  pri¬ 
marily  due  to  dihedral  reflections  and  the  platform  surface  is  about  0.7  5  m  above  the  ground, 
the  effective  range  to  the  right  door  is  significantly  larger  than  the  effective  range  to  the  other 
surfaces  of  the  VW.  This  results  in  the  observed  displacement  along  the  radar  line  of  sight. 

In  Section  3  it  was  shown  that  for  the  case  of  a  rotating  object  made  up  of  a  rigid  three- 
dimensional  collection  of  point -scatterers,  the  image  consists  of  a  family  of  overlapping  circles 
when  the  radar  line-of -sight  is  not  perpendicular  to  the  rotation  axis  and  a  360°  angular 
processing  interval  is  used.  The  system  may  be  focused  so  that  object  points  in  any  plane 
perpendicular  to  the  rotation  axis  appear  as  point -like  images.  The  image  of  any  other  object 
point  is  then  stilla  circle  with  a  radius  proportional  to  the  distance  of  the  point  away  from  the 
focused  plane. 


41 

CONFIDENTIAL 


CONFIDENTIAL 


{C)This  effect  is  not  readily  apparent  in  the  previous  images  of  relatively  slmide,  specular 
objects.  Accordingly,  some  experiments  designed  specifically  to  demonstrate  the  image  effects 
for  three-dimensional  arrays  of  scatterers  were  performed.  For  example,  Fig.  26  shows  the 
results  obtained  for  two  small  omni-directional  reflectors  located  on  the  platform  surface  and 
two  similar  reflectors  located  5  ft  above  the  surface.  The  spacing  between  each  pair  of  re¬ 
flectors  was  1  ft.  The  ring  images  (or  90°  arcsl  correspond  to  the  elevated  reflectors, 
while  the  point -like  images  correspond  to  the  retleciors  on  the  surface.  By  adjusting  the 
carrier  frequency  of  the  video  signal,  one  can  "focus"  on  the  elevated  points  instead  of  on  the 
platform  surface.  If  this  were  done,  the  circles  (or  arcs)  and  the  point -like  images  shown  in 
Fig.  26  would  be  interchanged. 
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FIGURE  A-1.  ROTATING  PLATFORM  RADAR  IMAGE  AND  OPTICAL  IMAGE  OF  A 

VOLKSWAGEN  (U) 
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^  Radar 
'  Antenna 


Top  View  of  VW  on  Platform 


Side  View  of  Platform  -  Position  1 


Side  View  of  Platform  -  Position  2  Unclaiiiii*il 

FIGURE  A -2.  DIAGRAM  ILLUSTRATING  DIHEDRAL  REFLECTIONS 
FOR  RIGHT  SIDE  AND  LEFT  SIDE  OF  VW  (U) 


4IC 


CONFIDENTIAL 

(This  page  is  Unclassified) 


5 

ELIMINATION  OF  CONJUGATE  IMAGE  AMBIGUITY 

In  practical  rotating-object  im^ng  systems,  it  is  necessary  to  be  able  to  separate  the  two 
conjugate  images  that  appear  at  the  output  of  the  optical  processor  even  when  the  center  of  ro¬ 
tation  lies  within  the  object.  Usually  in  coherent  optical  data  processing  systems,  this  is  done 
by  causing  the  recorded  signal  to  be  on  a  spatial  frequency  offset  carrier  [10] . 

It  was  assumed  for  the  discussion  in  Section  4  that  the  bandwidth  of  the  video  signal  to  be  re¬ 
corded  was  determined  by  the  range  extent  of  the  object  and  that  the  video  signal  had  zero  carrier 
frequency.  For  rectangular-format  recording  systems,  the  desired  spatial  frequency  offset 
can  be  easily  achieved  by  allowing  the  video  signal  to  have  a  carrier-frequency,  i.e.,  a  range- 
frequency  offset.  The  carrier  frequency  component  of  the  video  signal  at  the  input  to  the  re¬ 
corder  results  in  a  linear  grating  type  of  signal  on  the  film;  the  returns  from  each  point  of  the 
rotating  object  can  thus  be  interpreted  as  amplitude  and  phase  modulations  of  this  spatial  car¬ 
rier.  A  Fourier  transformation  produces  two  conjugate  images  (within  the  usual  rectangular 
format  limitations)  separated  from  each  other  in  range  by  a  distance  proportional  to  the  car¬ 
rier  frequency. 

Instead  of  using  a  range-frequency  offset,  it  is  also  possible  to  use  cross-range  or  Doppler 
offset  by  introducing  the  proper  pulse -to-pulse  phase  shift  modulation  in  the  receiver.  In  this 
case  the  two  conjugate  images  are  separated  from  each  other  in  the  cross-range  dimension. 
Often  a  combination  of  range  and  cross-range  offset  is  used  for  rectangular  recording  format 
systems. 

The  use  of  a  polar  recording  format  necessitates  a  modification  of  the  usual  frequency- 
offset  approaches.  Three  of  the  techniques  we  investigated  are  presented  below. 

5.1.  CONSTANT  RANGE -FREQUENCY  OFFSET 

In  a  polar  format  recording,  the  video  pulses  are  recorded  along  radial  lines  ;ind,  therefore, 
a  carrier  frequency  component  (range-frequency  offset)  appears  on  the  recording  material  as 
a  circular  grating.  TTiis  is  shown  in  Fig.  27  in  which  an  unrealistically  low  spatial  frequency 
is  used  for  illustrative  purposes.  Even  though  this  tj-pe  of  spatial  carrier  allows  the  two  conju¬ 
gate  terms  of  the  recorded  signal  to  be  separated,  it  also  introduces  a  rotationally  symmetric 
phase  error;  for  this  reason  a  simple  Fourier  transform  processor  produces  smeared  imagery. 
To  obtain  high  quality  imagery,  it  is  necessary  to  compensate  for  this  phase  error  in  the  optical 
processor. 
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FIGURE  27.  CONSTANT  RANGE -FREQUENCY  OFFSET  SIGNAL 
RECORDED  IN  A  POLAR  FORMAT 
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The  type  of  compensation  required  can  be  derived  by  modifying  the  expression  for  the 
video  signal  (Eq.  18)  by  introducing  a  carrier  frequency  (f^)  term.  After  being  recorded  in  a 
polar  format,  the  total  signal  for  an  object  described  by  a  reflectivity  density  o(r^,  ()>^)  is 


||A(rj,)o(r^,  0^)  cos 


-^r„r  cos  {(^ 

cv  F  o  0  F'  1 


p  dp  d<i> 
o  o  0 


(30) 


where 


27rf  r.p 

^  = _ 2j: 

V 


Note  that  this  is  the  same  as  Eq.  (26)  except  for  the  presence  of  the  phase  factor 
Equation  (30)  can  be  rewritten  as 

Sp(rj„  </)j,)  =  T|^  +  G  exp  (j;//^)  +  G*  exp  (-j>^'j)  (31) 


where 

G 


)  exp  -j 


— ^  r„p  cos  (4>„  -  4)  ) 
cv  F  o  F  o 
s 


PodPod^o 


(32) 


i.e.,  G  is  the  Fourier  transform  of  the  object  reflectivity  density  o(r^, 

The  degrading  effects  of  the  phase  factor  i^'^can  be  corrected  by  using  the  optical  processing 

system  shown  in  Fig.  28.  At  plane  Pi,  lens  1  produces  the  two-dimensional  Fourier  transform 

of  the  recorded  signal  Sp(rp,  <frj,)  and  by  means  of  a  half -plane  stop  we  can  remove  the  zero 

order  term  and  one  sideband.  That  is,  the  only  term  which  is  allowed  to  pass  is  the  Fourier 

transform  of  G  exp  jt^^.  A  subsequent  Fourier  transform  by  means  of  lens  2  then  produces  a 

complex  light  amplitude  distribution  at  plane  P2  which  is  proportional  to  G  exp  ji/^,.  A  spatial 

1  ^ 

filter  with  an  amplitude  transmittance  of  the  form  ^(1  ■■  "os  <l^j)  is  positioned  at  plane  P2.  The 
complex  amplitude  of  the  light  emerging  from  P2  is 


(G  exp  j 


1  ->•  cos  >(^) 


Gexpj2i/'j  Gexpji^'j 
4  2  1 


(33) 


Therefore,  by  taking  a  Fourier  transform  with  lens  3,  we  get  three  spatially  separated  light 
distributions  at  the  back  focalplaneof  lens3 — one  of  which  corresponds  to  the  third  term  of 
the  right-hand  side  of  Eq.  (33)andis  the  desired  image  of  the  rotating  object.  The  other  two 
are  smeared  versions  of  the  image  and  can  be  blocked  out. 
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Since  the  two-dimensional  Fourier  transform  ctf  exp  j'/'j  is  approximately  a  ring  distribu¬ 
tion  of  light,  we  are  restricted  to  coherently  processing  180“  or  less  of  the  input  signal  in 
order  to  separate  the  conjugate  images  adequately.  By  using  mixed  processing  techniques, 
imagery  containing  information  associated  with  all  aspect  angles  can  still  be  produced. 

Some  experiments  were  performed  during  this  program  to  demonstrate  the  practical  feasi¬ 
bility  of  using  range -frequency  offset  with  a  polar  recording  format.  Corner-reflector  arrays 
and  simple  specular  objects  placed  on  the  rotating  platform  were  used  in  these  experiments.  A 
photograph  of  the  actual  optical  processing  system  used  is  shown  in  Fig.  29. 

Ibe  spatial  filter  was  produced  by  sinusoidally  intensity  modulating  a  line-scan  CRT  and 
imaging  the  modulated  line  onto  a  piece  of  rotating  film.  The  resulting  record  was  then  contact 
printed  on  a  microflat  photographic  plate  and  optically  bleached  to  produce  the  final  spatial 
filter  used  in  the  system  shown  in  Fig.  29 

Figure  30  shows  an  experimental  result  for  the  case  of  three  corner  reflectors  located  at 
the  center  of  the  rotating  platform.  A  range  (rffset  frequency  (video  carrier  frequency)  of 
156  kHz  was  used.  Recall  that  for  the  case  of  no  frequency  offset  and  Fourier  transform  pro¬ 
cessing,  the  degraded  image  shown  in  Fig.  16(b)  was  obtained.  A  contribution  from  each  of  the 
three  terms  Indicated  in  Eq.  (33)  can  be  seen  in  Fig.  30.  The  set  of  three  points  at  the  right  is 
the  corrected  image.  The  three  arc -like  images  at  the  center, representing  the  image  that  would 
be  obtained  if  no  phase  error  compensation  had  been  used,  correspond  to  the  second  term  in  the 
right-hand  side  of  Eq.  (33). 

Another  example  showing  the  use  of  a  range-frequency  offset  and  a  polar  recording  format 
is  given  in  Fig.  31.  The  object  is  an  "M”  constructed  from  four  pieces  of  pipe  as  described  in 
Section  3.  In  this  case,  however,  the  "M"  was  placed  on  the  center  of  the  rotating  platform 
which  necessitated  the  use  of  a  frequency  offset.  Again,  the  corrected  image  can  be  seen  along 
with  the  two  uncorrected  versions  at  the  left.  Since  each  of  the  elements  of  the  object  has  a 
relatively  narrow  scattering  angle,  the  primary  effect  in  the  uncorrected  image  is  a  displace¬ 
ment  of  the  elements  from  their  proper  location. 

5.2.  UNEAR  FM  RANGE  OFFSET 

Another  technique  divised  for  eliminating  the  effects  of  the  conjugate  image  has  some  ad¬ 
vantages  over  the  constant  range-frequency  offset  approach.  This  technique  also  requires  a 
nonzero  video  carrier  frequency:  however,  a  small  amount  of  linear  frequency-modulation  is 
also  added  to  each  pulse.  This  addition  can  be  implemented  quite  easily  in  the  radar  receiver 
by  mixing  the  collection  of  linear  FM  signals  returned  from  the  target  with  a  reference  linear 
FM  signal  having  a  different  chirp  rate.  When  these  video  chirp  pulses  are  recorded  in  polar 
format,  the  signal  associated  with  the  center  of  rotation  of  the  target  becomes  an  annular  sec¬ 
tion  of  a  Fresnel  zone  plate  as  shown  in  Fig.  32. 
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CAT:  PPOCeSSOR  Fi 


FIGURE  30.  IMAGE  OF  THREE  CORNER  REFLECTORS 
SHOWING  EFFECTS  OF  CONSTANT  RANGE -FREQUENCY 

OFFSET 


FIGURE  31.  IMAGE  OF  "M"  SHOWING  EFFECTS  OF 
CONSTANT  RANGE -FREQUENCY  OFFSET 
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For  the  case  of  a  constant  range -frequency  offset  (Section  5.1),  we  found  that  the  ^wo  conju¬ 
gate  terms  of  the  Fourier  transform  of  the  recorded  signal  could  be  separated,  but  a  phase 
error  compensator  in  the  optical  processor  was  necessary.  In  the  present  case,  we  have  a 
quadratic  phase  error  which  can  be  easily  handled  by  a  focus  adjustment  of  the  processor. 


This  technique  has  not  yet  been  experimentally  investigated.  However,  it  appears  to  be  a 
good  approach  for  polar  format  recording  systems  used  with  the  RADC  Wideband  Pulse  Com¬ 
pression  Radar. 


The  recorded  signal  s  (r„  with  a  linear  FM  range  offset  is 
p  r  r 

Sp(rF,  <l>p)  =  \  +  G  exp  (i^^)  +  G*  exp  (-j'/'g) 


(34) 


where  G  is  the  Fourier  transform  of  the  reflectivity  density  (J(r^,  ^^)  as  defined  previously  in 


Eq.  (32). 


The  phase  error  can  be  shown  to  be 
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(35) 


where  =  chirp  rate  of  the  transmitted  signal 
Vg  =  chirp  rate  of  the  reference  signal 


f  =  carrier  frequency  of  the  video  signal 
0 


If  Vf  =  y^,  the  phase  error  given  by  Eq.  (35)  reduces  to  which  is  the  phase  error  for 
the  constant  range  frequency  offset  case  in  Eq.  (30). 


If  y^  5^  7'2  and  the  carrier  frequency  is  chosen  to  be 


f  =  ii  -  -^lf_ 


ri/c 


(36) 


then  the  phase  error  becomes 


yi  -  7. 
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(37) 


The  second  term  of  Eq.  (37)  is  a  constant  and  therefore  of  no  concern. 


Since  the  remaining  quadratic  phase  error  appears  witli  a  different  sign  in  the  second  and 
third  terms  of  Eq.  (34),  the  two  conjugate  images  cA)tained  by  Fourier  transforming  the  recorded 


signal  S(r  ,  <)>  )  will  focus  in  different  planes.  One  image  will  focus  in  front  of  the  usual  Fourier 
r  r 


transform  plane  of  the  processing  lens  and  the  other  behind  the  Fourier  transform  plane.  Ibe 
important  point  is  that  with  this  type  of  offset  a  well  focused  image  can  be  obtained  by  simple 
Fourier  transformation  of  the  recorded  signal  with  no  piiase  error  compensation  plates  required. 
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It  is  necessary,  however,  to  restrict  the  size  of  the  coherent  processing  aperture  in  order  to 
avoid  contamination  of  the  desired  image  with  a  noisy  backgroimd  resulting  from  the  out-of¬ 
focus  conjugate  image. 

5.3.  POLAR  OFFSET 

A  frequency  offset  technique  designed  especially  for  polar  recording  format  systems  in¬ 
volves  the  use  of  both  time-varying  range  and  cross-range  (Doppler)  frequency  offsets.  For 
brevity,  this  particular  type  of  frequency  offset  is  called  polar  offset. 

Polar  offset  is  implemented  by  sinusoidally  modulating  the  frequency  and  the  phase  of  the 
video  signal  in  such  a  way  that  the  recorded  signal  associated  with  the  center  of  target  rotation 
is  a  linear  grating  (see  Fig.  33).  Itiat  is,  we  introduce  both  range  and  cross-range  frequency 
offsets  which  vary  sinusoidally  (90°  out  of  phase)  at  the  rotation  rate  of  the  recording  ma¬ 
terial.  For  example,  in  the  upper  right  porticxi  of  the  recording  shown  in  Fig.  33,  the  range- 
frequency  offset  is  maximum  and  there  is  no  cross  range -frequency  offset,  while  at  the  lower 
right,  we  have  only  cross-range  frequency  offset.  The  fact  that  the  resulting  recorded  offset 
function  is  a  linear  grating  implies  that  simple  Fourier  transform  processing  will  produce  an 
unambiguous  image  of  a  rotating  object  with  no  phase  error  compensation  required.  Further¬ 
more,  in  contrast  to  the  previous  offset  techniques,  coherent  processing  can  be  performed  over 
a  full  360°  of  object  rotation. 

A  polar  offset  can  be  implemented  by  mixing  the  signal  received  from  the  rotating  object 
(Eq.  14)  with  a  reference  signal  of  the  form 

r  1  v[ 

Z(t)  =  cos^27rf^  t  -  -  A(t)  +  I  t  -  nT  -  — ^  >  (38) 


where 


sin  (nt  +  $) 


After  recording  the  resulting  video  signal  in  a  polar  format  we  obtain 


or  expressed  in  rectangular  coordinates 


,(Xf,  yp)  =  Sj,  +J[B(Xp,  yp)5(x^,  y^)  cos  .[xj,(x^  -  xj  .  y^ty^  -  ya)l|dx^dy^ 
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where  x  =  M  cos  $ 
a 

y  =  M  sin  $ 

Each  point  scatterer  is  recorded  as  a  linear  grating  with  Xp  and  coordinate  frequency  com¬ 
ponents  proportional  to  (x  -  x  )  and  (y  -  y„)  respectively. 

0  2L  O  a 

The  constant  M  determines  the  spatial  frequency  of  the  resulting  offset  grating;  its  value 
should  be  chosen  to  be  larger  than  the  expected  radius  of  the  rotating  object  in  order  to  separate 
the  conjugate  images.  The  relative  angular  orientation  of  the  offset  grating  is  determined  by  $ 
and  can  be  chosen  arbitrarily.  The  same  type  of  receiver  instrumentation  for  removing  the  ef¬ 
fects  of  p  (t)  from  the  received  signal  can  also  be  used  to  introduce  a  polar  offset. 

An  important  point  to  note  is  that  the  form  of  Eq.  (38)  is  the  same  as  that  of  a  signal  re¬ 
ceived  from  a  point  with  polar  coordinates  (M,  ^>)  on  a  rotating  object.  Therefore,  a  straight¬ 
forward  way  to  implement  a  polar  offset  is  to  use  the  return  from  a  bright,  prominent  point  on 
the  object  as  a  reference  signal.  In  prominent  point  processing,  the  total  signal  received  from 
the  rotating  object  is  simply  envelope  detected  before  being  recorded  on  film  and  optically  pro¬ 
cessed  in  the  usual  way.  No  local  oscillator  is  used.  If  the  object  possesses  a  scattering  point 
whose  return  is  much  stronger  than  the  returns  from  other  points  on  the  object,  the  recorded 
signal  corresponding  to  the  composite  return  can  be  shown  to  be  approximately  the  same  as 
that  given  by  Eq.  (40).  The  coordinates  (x  ,  y  )  represent  the  initial  location  of  the  prominent 

A  A 

scattering  point.  In  situations  where  prominent  point  processing  is  applicable,  one  can  obtain 
an  image  of  a  rotating  object  even  if  the  radar  does  not  have  pulse-to-pulse  coherence  and  even 
if  gross  object  motion  is  ignored  since  the  object  provides  its  own  coherent  reference. 

Some  prominent  point  processing  experiments  were  performed  with  the  rotating  platform 
facility  to  demonstrate  the  technique.  Simple  arravs  of  corner  reflectors  as  well  as  a  large 
cross-section  reference  corner  were  placed  on  the  rotating  platform.  For  these  experiments 
the  system  shown  in  Fig.  10  was  modified  by  substituting  a  simple  diode  detector  receiver. 

The  imagery  of  a  three  corner -reflector  array  obtained  by  using  this  receiver  and  the  polar 
format  reco.-der  is  essentially  the  same  as  that  shown  in  F’g.  15(b).  The  primary  difference 
is  that  the  separation  of  the  two  conjugate  images  is  determined  by  tlie  distance  between  the 
prominent  point  and  the  object  and  is  independent  of  the  center  of  rotation.  These  experiments 
not  only  demonstrated  prominent  point  processing  but  also  verified  the  usefulness  of  the  polar 
offset  technique. 
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6 

REAL-TIME  OPTICAL  PROCESSING 


Real-time  optical  processing  systems  are  generally  comprised  of  an  input  transducer, 
processing  optics,  aud  a  display  screen.  A  time-varying  signal  to  be  processed  optically  must 
be  entered  at  the  input  plane  of  the  processor  as  a  space  varying  (spatial)  signal.  The  spatial 
input  is  then  read  into  the  processor  simply  by  illumination  with  an  expanded  coherent  light 
beam,  and  the  readout  light  beam  wavefront  is  modulated  by  the  spatial  signal.  Real-time  opera¬ 
tion  requires  that  the  conversion  to  a  spatial  signal  and  the  optical  readout  take  place  with  in¬ 
significant  delay.  A  real-time  optical  transducer  is  a  device  which  serves  this  purpose.  Re¬ 
call  that  for  the  data  processing  experiments  described  in  previous  sections,  photographic  film 
served  as  a  non-real-time  transducer.  Real-time  transducer  considerations  relative  to  optical 
processing  of  rotating-object  data  will  be  discussed  further  in  the  following  sections.  The  pro¬ 
cessing  optics  and  the  output  viewing  implementation  have  been  covered  in  previous  sections 
and  inherently  afford  real-time  operation. 

6.1.  THERMOPLASTIC  TRANSDUCER 

Electron  beam  writing  on  a  deformable  thermoplastic  is  the  real-time,  reusable,  data 
storage  method  being  evaluated  for  use  in  a  real-time  transducer.  The  thermoplastic  trans¬ 
ducer  comprises:  (1)  a  small  evacuated  housing  containing  the  writing  electron  gun  and  thermo¬ 
plastic  storage  medium;  and  (2)  electronics  for  electron  beam  control  and  thermoplastic  tem¬ 
perature  control. 

An  input  time -varying  signal  is  written  onto  the  thermoplastic  as  a  surface  charge  using 
a  scanned  electron  beam  as  depicted  by  Fig.  34(a).  The  charge  deposited  by  the  writing  beam 
can  be  made  to  vary  in  proportion  to  the  input  signal  in  several  ways;  here,  the  beam  current 
is  directly  modulated  by  controlling  the  electron  gun  grid -to -cathode  voltage  with  the  input 
signal. 

The  storage  medium  is  comprised  of  a  thin  thermoplastic  (TP)  layer  coated  onto  a  glass 

substrate,  with  a  thin  transparent  conductive  coating  between.  The  conductive  film  serves  as 

2 

a  plane  of  constant  electrical  potential.  It  also  serves  as  a  means  for  electrical  heating  (I  R) 
of  ciie  thermoplastic  for  rapid  deformation  development  and  data  erasure. 

Development  and  erasure  of  signals  written  in  the  thermoplastic  are  governed  by  the  physi¬ 
cal  and  electrical  properties  of  the  TP  material  and  their  change  with  temperature.  The  charge 
deposited  on  the  thermoplastic  surface  during  writing  results  in  an  electric  field  force  be¬ 
tween  the  TP  surface  and  the  equipotential  plane  at  the  conductive  coating.  This  foixe  acts  to 
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(a)  Thermoplastic  Data  Storage 
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(b)  Phase  Readout  for  Data  Processing 
FIGURE  34.  DATA  STORAGE  AND  READOUT 


deform  the  surface.  Raising  the  thermoplastic  temperature  allows  it  to  change  from  a  solid 
to  a  rubber-like  condition  and  then,  with  further  temperature  increase,  to  a  liquid  state.  De¬ 
formation  development  tan  occur  while  the  thermoplastic  is  in  either  of  these  softened  states. 
The  depth  of  the  deformation  will  be  limited  by  counteractive  surface  tension  and  viscoelastic 
forces.  Erasure  of  signal  deformations  occurs  when  the  surface  charge  is  removed  and  the 
thermoplastic  temperature  is  elevated  so  the  plastic  reaches  a  non -solid  state  and  can  be  re¬ 
distributed  so  as  to  form  a  smooth  surface  in  response  to  the  surface  tension  and  viscoelastic 
restoring  forces.  In  erasure,  the  written  surface  charge  is  removed  by  electrical  conduction 
through  the  plastic  to  the  conductive  layer  when  the  TP  resistance  is  lowered  by  heating. 

Data  written  in  the  thermoplastic  modulator  is  read  out  with  a  laser  beam  expanded  to 
illuminate  the  area  over  which  stored  signals  of  interest  appear,  as  shown  in  Fig.  34(b).  The 
sketch  of  34(b)  shows  readout  by  transmission.  (Reflective  methods  are  also  possible.)  The 
complex  transmittance  of  the  thermoplastic  modulator  can  be  written  as  T(x,  where 

T  is  the  amplibide  transmittance  and  9  the  phase  shift  caused  by  the  spatial  modulator.  Given  an 
illuminating  beam  having  a  wavefront  with  uniform  phase  and  constant  amplitude  over  an  aper¬ 
ture  A^(x,  y),  the  emergent  beam  S(x,  y)  at  the  output  side  of  the  glass  substrate  will  be  of  the 
form 

S(x,  y)  =  A^(x,  y)T(x, 

The  amplitude  transmittance  will  normally  be  constant,  i.e.,  T(x,  y)  =  T  .  Phase  shift  at  the 
optical  wavelength  can  be  written  as  d(x,y)  =  {[2n(n  -  1)/X^ld(x,  y)}  <t>  where  d  is  surface 
deformation  depth,  n  is  the  index  of  refraction  of  the  thermoplastic,  and  (i>  is  a  phase  shift 
caused  by  materials  other  than  the  thermoplastic,  i.e.,  substrate  and  conductive  coating.  Thus 
the  emergent  phase -modulated  readout  beam  is  written  as 

S(x,  y)  =  A^(x,  y)T^e^  d(x,  y)  e^*^ 

L  o 

For  example,  consider  the  deformation  d  to  be  a  one-dimensional  sinusoid  of  spatial  frequency 
(0 

X 

d  =  D  ■  d  sin  u>  X 
o  X 

as  indicated  in  Fig.  34(b).  As  shown  in  Ref.  [12]  the  expression  for  the  phase-modulated  read¬ 
out  beam  can  be  written  as 


S(x)  =  A^(x)T^  exp-^i 


2ff(n  -  1) 


D  sin  (v  X 
x 


=  A„(x)T 

O  G 


exp  jmct'^x 


where  we  have  ignored  constant  phase  terms  and  ]  is  a  Bessel  function  of  the  first  kind, 

order  m.  The  indexing  variable  m  takes  on  all  integer  values.  Thus,  there  are  plane  waves 
jmw^x 

e  emanating  from  the  modulator;  each  has  a  field  amplitude  Jjjj{[2?(n  -  1)/a]D}  and  all 

come  through  the  aperture  A^(x). 
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If  the  modulator  output  is  Fourier  transformed  optically  as  depicted  in  Fig.  34(b),  the  Fourier 

jmw^x 

transform  lens  will  focus  each  of  the  plane  waves  e  into  a  small  spot  of  li^t  at  the  output  trans¬ 
form  plane  of  the  lens.  In  this  example  each  spot  of  light  will  have  ashape  or  spatial  distribution  de¬ 
pendent  on  the  size  of  the  modulator  aperture  A^(x).  The  peak  value  of  the  light  intensity  of  the  focused 

spot  will  be  proportional  to  J^|(27r(n  -l)/X^]D|and  thus  depends  upon  the  depth  Dof  the  sinusoidal 

deformation  in  the  thermoplastic.  The  focused  spot  position  will  be  directly  proportional  to  the 

jmw  X 

spatial  frequency  in  the  plane -wave  expression  e  .  Data  corresponding  to  one  of  the 

first  orders  (m  =  ±1)  are  usually  used.  The  deformation  depth  D  is  then  chosen  to  optimizethe 
performance  of  the  transducer  in  terms  of  linearity  and  efficiency. 

6.2.  PERFORMANCE  INVESTIGATION 

Our  demountable  electron  gun  recording  facility  was  adapted  for  use  as  a  thermoplastic 
transducer.  In  this  effort  special  coating  methods  were  developed  for  coating  thermoplastic 
layers  with  good  thickness  uniformity  and  good  optical  quality;  in  addition,  provisions  for  data 
writing,  readout,  and  erasure  were  incorporated.  (The  major  portion  of  this  tranducer  effort 
was  sponso'-ed  under  a  separa*’e  contract  and  intended  for  different  applications.)  Transducer 
performance  results  important  to  satellite -imaging  applications  are  described  below. 

The  recording  and  coherent  optical  readout  arrangement  used  to  assess  transducer  per¬ 
formance  is  shown  in  Fig.  35.  The  collimated  readout  laser  beam  of  variable  diameter  (3  mm 
to  50  mm)  passes  through  the  side  entrance  window  of  the  TP  transducer,  reflects  off  an  in¬ 
ternal  mirror  to  illuminate  the  TP  surface,  and  passes  through  the  TP  and  its  substrate  at  an 
angle  of  30°  from  the  surface  normal.  The  emergent  beam  is  phase -modulated  by  the  re¬ 
corded  data  and  then  passes  through  the  Fourier  transform  lens.  The  outinit  transform  plane 
is  located  about  250  mm  from  the  output  surface  of  the  lens.  The  light  intensity  distribution 
was  observed  both  at  the  transform  plane  and  also  after  magnification.  Magnification  was  pro¬ 
vided  by  a  4  mm  focal  length  microscope  objective  lens  with  the  magnified  transform  plane  ob¬ 
served  at  about  1200  mm  beyond  the  magnifying  lens.  The  light  intensity  distribution  in  the  trans¬ 
form  plane,  both  unmagnified  and  magnified,  was  recorded  on  Polaroid  film. 

Electron  beam  writing  was  done  with  an  unmodulated,  35  x  35  mm  square  raster  at  a 
selectable  scan  line  repetition  rate  and  a  selectable  number  of  lines  per  raster.  Pulse  modula¬ 
tion  along  each  scan  line  was  also  accomplished.  In  this  way  either  one-  or  two-dimensional 
gratings  could  be  recorded  to  simulate  radar  data  corresponding  to  either  one-  or  two -point 
scatterers  on  a  rotating  object. 

To  adequately  evaluate  transducei  feasibility  in  a  future  real-time  optical  processing  sys¬ 
tem,  modulation  rates  as  high  as  10  MHz  were  used.  This  rate  exceeds  the  video  bandwidths 
of  both  the  ERIM  Rotating  Piatform  Radar  and  the  RADC  Wideband  Pulse  Compression  Radar. 
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FIGURE  35.  REAL-TIME  TRANSDUCER  FOR  EXPERIMENTAL  RECORDING 
USING  ELECTRON  BEAM  WRITING  AND  COHERENT  LIGHT  BEAM  READOUT 


The  spatial  frequencies  of  the  test  recordings  were  chosen  sufficiently  high  so  that  the  number 
of  resolvable  recorded  elements  within  the  processing  aperture  would  exceed  the  number  of 
range  and  cross -range  resolution  cells  required  to  adequately  image  a  satellite  (typically  on 
the  order  of  100  x  100  cells). 

The  TP  temperature  was  held  constant  with  a  fixed  heater  voltage  =  16.5  Vdc;  this  resulted 
in  a  temperature  T^^  =  45°C  at  the  center  of  the  outside  surface  of  the  TP  substrate.  The  re¬ 
cording  procedure  typically  consisted  of  writing  a  single  raster  (one  exposure),  allowing  the  de¬ 
formation  to  develop,  and  then  erasing  while  constant  TP  heater  temperature  was  continuously 
maintained.  At  the  constant  TP  temperature  (and  without  application  of  a  heat  pulse  for  in¬ 
creased  speed  of  development  or  erasure)  the  recording deformationsdeveloped  in  about  10  sec¬ 
onds  and  erased  in  about  600  seconds.  With  pulsed  heating  superimposed  on  a  bias  tempera¬ 
ture  level,  development  and  erj^sure  in  less  than  a  second  can  be  realized. 

Test  recording  was  done  on  a  TP  coating  about  5  pm  thick  which  was  coated  over  a  50  x  50 
mm  square  by  the  gravity  set'V'd  method.  A  quartz  substrate  with  a  tin  oxide  coating  mea¬ 
suring  50  ohms  edge -to -ed'^e  was  used.  The  TP  coating  uniformity  on  this  substrate  prior  to 
recording  is  indicated  by  its  interferogram  in  Fig.  36. 

Using  the  transducer  and  optical  processing  arrangement  of  Fig.  35,  simple  grating-type 
test  signals  were  written  onto  the  thermoplastic  and  then  examined  at  the  Fourier  transform 
output  plane.  Examples  of  the  light  distribution  in  the  transform  plane  are  shown  in  Figs.  37 
through  40.  Figure  37(a)  depicts  the  single  focused  spot  of  light  which  results  when  no  data  has 
been  written  on  the  TP  and  its  surface  is  smooth.  The  distribution  of  Fig.  37(b)  shows  the  center 
or  zero  order  spot  and  a  symmetric  distribution  of  plus  and  minus  order  spots  in  the  trans¬ 
form  plane  resulting  from  a  35  x  35  mm  raster  (one -dimensional  grating)  of  500  lines  on  the  TP. 
The  presence  of  orders  as  high  as  order  six  would  not  occur  in  the  eventual  mode  of  operation 
of  the  transducer  and  results  here  from  the  intentionally  high  level  of  exposure  (three  super¬ 
imposed  exposures).  In  addition,  the  effects  of  an  extraneous  modulation  can  be  seen  in  Fig. 

37(b)  as  evidenced  by  the  very  low  intensity  light  distribution  around  the  zero  order  caused  by 
optical  reflections  in  the  test  setup.  Figure  37(c)  shows  the  transform  plane  distribution  re¬ 
sulting  from  a  35  x  35  mm  raster  containing  1000  lines  written  with  a  single  exposure.  In 
Fig.  37(d)  is  the  transform  plane  for  a  two-dimensional  crossed  grating  having  500  lines  in  one 
direction  and  800  lines  in  the  other.  Figure  37(e)  is  a  magnified  Schlieren  image  of  a  500 -line 
raster  recording. 

To  examine  optical  quality  of  the  real-time  transducer,!  magnification  of  an  individual 
order  or  spot  in  the  transform  plane  is  informative.  For  a  given  illuminated  data  aperture  we 
look  for  evidence  of  diffraction-limited  performance.  A  magnified  version  of  the  zero-order  or 
first-order  transform  plane  spots  is  given  in  Figs.  38  through  40.  In  Fig.  38  is  the  magnified 
light  intensity  distribution  of  the  transform  plane  when  the  TP  and  substrate  are  not  present. 
Essentially  diffraction -limited  performance  can  be  seen  for  both  the  12  mm  and  25  mm  diameter 


FIGURE  36.  MACH-ZEHNDER  IRTERFEROGRAM  OF  TYPE 
BO  THERMOPLASTIC -COATED  QUARTZ /TIN  OXIDE  SUB¬ 
STRATE 
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(a)  No  Recording,  Smooth  TP  Film 


(b)  Raster  Recording,  500  Lines 


(c)  Raster  Recording,  1000  Lines 


(d)  Raster  Recording,  500  Lines, 
800  Pulses  Per  Line 


(e)  Schlicren  Image  of  500  Line 
Raster 


FIGURE  37.  TRANSFORM  PLANE  LIGHT  INTENSITY  DISTRIBUTION 
FOR  VARIOl  S  TP  RECORDINGS 
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FIGURE  39.  MAGNIFIED  ZERO  ORDER 
SPOT;  WITH  TP  PLATE  INSTALLED 
BUT  NO  RECORDING  ON  TP 


FIGURE  40.  MAGNIFIED  FIRST  ORDER 
SPOT:  TP  PLATE  WITH  500  LINES  IN 
35  X  35  mm  RASTER 


25  mm 


12  mm 


Aperture  Diameter 
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readout  beams.  This  spot  distribution  represents  the  transducer  impulse  response  without 
the  recording  plate.  For  the  case  where  the  TP-coated  plate  is  installed  but  not  written  upon, 
the  resultant  magnified  zero  order  spot  (Fig.  39)  again  indicates  good  optical  quality  or  good 
spatial  impulse  response  for  the  transducer.  Analogous  data  for  the  first-order  spot  obtained, 
by  Fourier  transformation  of  the  light  diffracted  by  a  35  x  35  mm  raster  containing  500  lines 
is  shown  in  Fig.  40.  The  results  shown  for  the  12  mm  and  25  mm  diameter  illumination  aper¬ 
ture  of  the  35  X  35  mm  raster  are  of  good  quality  and  nearly  diffraction  limited. 

In  summary,  the  thermoplastic  data  storage  technique  has  been  shown  to  have  a 
sound  potential  for  application  as  a  real-time  transducer  for  optical  processing  of  rotating 
object  radar  data.  The  experimental  transducer  facility  demonstrated  a  video  bandwidth  of  at 
least  10  MHz,  data  storage  with  good  optical  quality  over  apertures  containing  at  least  400  x 
400  resolvable  recorded  elements,  and  rapid  development  and  erasure. 
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7 

CONCLUSIONS  AND  RECOMMENDATIONS 

(C)Recording  radar  data  in  a  polar  format  for  subsequent  optical  processing  lias  been  shown 
to  provide  a  simple  and  practical  way  to  obtain  very  fine  resolution  imagery  of  rotating  objects. 
The  usual  resolution  limitation  of  rotating-object  radar  imagery  imposed  by  motion  through  reso¬ 
lution  cells  is  removed  by  means  of  this  technique.  Imagery  of  test  objects  placed  on  a  rotating 
platform  demonstrated  that  resolution  of  nearly  one  radar  wavelength  could  be  achieved.  More¬ 
over,  the  use  of  a  polar  recording  format  provided  a  convenient  way  to  optically  process  radar 
data  over  large  angles  of  rotation  to  improve  the  shape  recognition  of  specular  objects. 

The  imagery  shown  in  this  report  was  obtained  under  controlled  experimental  conditions 
in  which  the  rotation  rates  of  the  test  objects  were  known  and  no  gross  translation  effects  were 
present.  Therefore,  future  investigation  should  be  directed  toward  optically  processing  actual 
satellite  data — for  example,  data  from  the  RADC  Wideband  Pulse  Compression  Radar. 

Experimeiiis  have  shown  that  the  thermoplastic  data  storage  technique  has  sound  potential 
for  use  in  a  real-time  optical  processing  system.  It  is  recommended  that  a  breadboard  version 
of  a  real-time  thermoplastic  transducer  utilizing  a  polar  storage  format  be  developed  to  investi¬ 
gate  real-time  optical  processing  of  radar  data  from  the  ERIM  Rotating  Platform  Radar  Facility 
as  well  as  from  the  RADC  Wideband  Pulse  Compression  Radar. 
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